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Highlights:



Prussian Green and Prussian Blue have same theoretical gravimetric capacity.



Precursors influence particle size of Prussian Green (PG) and Prussian Blue
(PB).



Particle size impacts gravimetric capacity utilization for K+ ions.



PG cathode: reversible capacity: 121.4 mAhr/g & coulombic efficiency:
98.7%.



PB cathode: reversible capacity: 53.8 mAhr/g & coulombic efficiency: 100%.

Abstract:
The influence of the precursors, namely potassium ferrocyanide and potassium ferricyanide on
the particles sizes of Prussian Blue (PB) and Prussian Green (PG), under identical reaction
conditions have been investigated. It was found that the particle sizes influence the gravimetric
capacity utilization of these materials as cathodes for aqueous potassium (K+) ion batteries. The
PG particle sizes were on the order of 50-75 nm, whereas PB particles size were on the order of
2-10 microns. The PG cathodes demonstrated a reversible capacity of 121.4 mAhr/g, with a
coulombic efficiency of 98.7% compared to PB cathodes which demonstrated 53.8 mAhr/g, with
a coulombic efficiency of 100%. We interpret the increased capacity of PG batteries relative to
PB batteries as being a result of the smaller particle size of PG, which results in greater
accessibility of the cathode to K+ ions.
Keywords:Potassium ion battery; Prussian Green; Aqueous rechargeable battery; Cathode.

1. Introduction
Prussian blue (PB) belongs to a family of transition metal hexacyanometallates that are
composed of mixed valence compounds. It is non-toxic as well as inexpensive and easy to
synthesize.It has been used as a pigment for about three centuries and more recently to treat
patients who have ingested radioactive materials [1], as sensor electrodes [2,3] and as a
rechargeable battery cathode [4-9]. Its chemical composition in the“soluble form” is
KFeIIIFeII(CN)6. Oxidation of this material leads to formation of Prussian Green (PG), sometimes
referred to as Berlin Green), represented by the chemical composition FeIIIFeIII(CN)6. PB and
PG possess a face centered cubic (FCC) lattice with a perovskite-like structure [10] that has a
large channel for the diffusion of ions as indicated in Figures 1(a) and 1(b), respectively. The

structurecontains a cyanide ligand (CN-) which acts as a bridge between the Fe2+ and Fe3+ ions in
the case of PB and Fe3+and Fe3+ ions in the case of PG, leading to a cubic structure with the unit
cell parameters a0=b0=c0 of about10.2 Å. According to the hard sphere model, the interstitial
space is about 1.6 Å [7]. Figures 1(a) and 1(b)show lattice structures of Prussian Blueand
Prussian Greenthat have been drawn to scale. The CN- ions in the lattice are depicted with a
length of 3.54 Å[13]. The CN bond length in Prussian Blue is 1.13 Å[14]. In theory, both PB and
PG possess approximately the same theoretical capacity of 155.52mAhr/gfor K ion
intercalationand are expected to have similar electrochemical behavior. PB and PG are very
stable materials due to the strong bonding between the carbon end of the cyanide ligand and the
partially filled d-orbitals of the Fe2+ (PB) and Fe3+ (PG) ions as well as the bonding between the
nitrogen end of the cyanide ligand and the partially filled d-orbitals of the Fe3+ ions.
Li-ion batteries have been the mainstay of high density energy storage devices over the past
decade. Lithium salts are expensive, resulting in a higher cost per kilowatt-hour (kWh) of stored
power in Li-ion batteries. In order to increase the practicality of grid level energy storageusing
batteriesby decreasing the cost, it is imperative to explore alternatives to lithium salts.
One such alternative is potassium (K+). Potassium salts are widely available in large quantities
and at a lower cost than lithium salts. With a hydrated size of 1.25Å, K+ ions are well suited to
being used as a guest species for intercalation in PB and PG as electrode materials. Although
aqueous K+ ion intercalation type batteries have a lower voltage than Li+, they offer a low cost
alternative for a high capacity, high rate capability and safe option for grid level energy storage.
In general, Prussian blue analogues (PBAs) have been shown to have long life at a high rate of
charge /discharge for K+ ions [7]. However, these materials lack high capacity due to a single
step insertion and extraction of K+ ions during discharging and charging of the electrodes,

respectively, due to inaccessibility of redox activity at the second metal ion. Prussian green (PG),
on the other hand allows for a dual step insertion and extraction of K+ ions, potentially leading to
nearly double the capacity demonstrated by PBAs with single step insertion process. In our
current investigation, Prussian Green (PG) has been evaluated as a cathode material for aqueous
K+-ion intercalation-type rechargeable battery and its performance is compared against its
partially reduced form Prussian Blue (PB).
2. Experimental Section
2.1 Synthesis:
Prussian Green: Prussian green (FeIIIFeIII(CN)6)was synthesized by a wet chemical precipitation
technique. Equimolar concentrations of ferric nitrate (Fe(NO3)3) and potassium ferricyanide
(K3Fe(CN)6) solutions (5 mmoles in 15 ml deionized water) were mixed together through dropwise addition of ferric nitrate solution to potassium ferricyanide solution at 60° C under constant
stirring for 2 hours, resulting in the initial formation of a brown precipitate which gradually
turned green. The precipitate was repeatedly cleaned (five times) using deionized (DI)water and
methanol by centrifugation at about 7,000 rpm for 5 minutes. The precipitatewas then dried at
room temperature under ambient conditions.
Prussian Blue: Prussian blue (KFeIIIFeII(CN)6) was synthesized using the same technique as
described above for the synthesis of Prussian green. The main difference was that equimolar
concentrations of ferric nitrate (Fe(NO3)3) and potassium ferrocyanide (K4Fe(CN)6) solutions (5
mmoles in 15 ml deionized water) were mixed together through drop-wise addition of ferric
nitrate solution to potassium ferrocyanide solution at 60°C under constant stirring for 2 hours,
resulting in the formation of a blue precipitate. The precipitate was cleaned using the same
procedure as above.

Prussian Green (PG-HT): PG-HT (FeIIIFeIII(CN)6) was also synthesized using a hydrothermal
technique, where equimolar concentrations of ferric nitrate (Fe(NO3)3) and potassium
ferricyanide (K3Fe(CN)6) solutions (5 mmoles in 15 ml deionized water) were mixed together
through drop-wise addition of ferric nitrate solution to potassium ferricyanide solution at room
temperature, resulting in the immediate formation of a brown precipitate. The solution was then
transferred to a 50 ml capacity Teflon lined stainless steel hydrothermal reactor and the solution
level was raised to a total volume of 40 ml by adding an additional 10 ml ofDI water. The reactor
was sealed and subjected to a temperature of 60 °C for 24 hours resulting in a green precipitate.
The reactor was allowed to cool slowly to room temperature after which the precipitate was
cleaned using water and methanol through centrifugation at about 7,000 rpm for 5 minutes. The
precipitate was then dried at room temperature under ambient conditions.
2.2 Characterization:
The physical morphology and the phase composition of the Prussian Green, Prussian Blue, and
hydrothermally synthesized Prussian Green sampleswere characterized usingscanning electron
microscopy, energy dispersive X-ray analysis (EDAX)andpowder X-raydiffractometry(PXRD).
PXRD data was collected in a focused beam (Bragg−Brentano) geometry on a Rigaku Model
Ultima IV X-ray diffraction system using graphite-monochromatized Cu Kα radiation. Scans
were performed over an angular range of 10°−70° 2θ at room temperature. Cyclic voltammetry
and galvanic cycling was performed with an EG&G 273A potentiostat.

2.3 Electrochemistry:
The electrochemical performance of active materials (PG, PB and PG-HT)was evaluated using
cyclic voltammetry (CV) and galvanic cycling (GC) at ambient temperature. The test cell was
comprised of glass container with three electrodes, where a graphite rod acted as a counter

electrode, carbon paper coated with active materialwas the working electrode, and an Ag/AgCl
(saturated KCl) filled capillary tube was a reference electrode. All the measurements were made
with 0.5 cm2 of the working electrode exposed to the electrolyte solution. The stock electrolyte
for all measurements was composed of 1M KNO3 in DI water. The cathode composite electrode
was prepared by mixing the active material powder with multi-walled carbon nanotubes, carbon
black, and polyvinylidene fluoride (PVDF) binder in a ratio of 80:9:2:9.The mixture wasfinely
ground using a mortar and pestle. A slurry was prepared by adding a few drops of N-methyl-2pyrrolidone (NMP) to the above formed homogeneous powder and spread on both sides of a
carbon paper which acted as the current collector. The positive electrode material loading was
about 3.6 mg/cm2. The slurry coated electrodes were initially dried at room temperature and
further dried under vacuum at 100°C for 1 hour. In the present work, charging is represented by
extraction of K+ ions from the latticeof the active material and discharging by insertion of K+
ions into the latticeof the active material. For charge-discharge measurements, the PG electrodes
were subjected to three different current densities of 111 mA/g, 277 mA/g, and 388 mA/g,
respectively, and the performance of PG, PB and PG-HT electrodes was compared at a current
111 mA/g. For the charge-discharge measurements, the upper cut-off voltage was setat 1.0V and
the lower cut-off voltage at 0V with reference to Ag/AgCl (saturated KCl).
3. Results and Discussion
Prussian Green (PG) and Prussian Blue (PB) allow for a dual step insertion and extraction of K+
ions. PB is a partially reduced form of PG, with a very similar lattice structure to PG, and also
possesses a theoretical gravimetric capacity of approximately 155.52mAhr/g. In order to study
the effect of further improved crystallinity of PG on the specific capacity, a fresh batch of

Prussian Green (PG-HT) was synthesized using the hydrothermal technique as mentioned in the
experimental section.
The SEM image of precipitated PG indicates highly crystalline polydispersed nanoparticles with
sizes in the range of 50-75nm, as shown in Figure 2a. The PG nanoparticles also possess a
porous texture, suitable for electrolyte diffusion through the active material. The SEM images of
precipitated PB and PG-HT indicate large particles on the order of 2-10 microns, as shown in
Figures 2b and 2c, respectively. We attribute the differences in the synthesized particles sizes of
PG and PB as being due to the differences in the reaction rates between potassium ferricyanide
and potassium ferrocyanide with ferric nitrate.EDAX measurement indicated the presence of the
following elements: Fe, C, N and K for PB and Fe, C, N and a very tiny fraction of K for PG.
The atomic% of the above mentioned elements have been tabulated in Table 1.
The PXRD patterns of PG, PB and PG-HT are shown in Figures 3a-3b. PG, PB and PG-HT were
found to have face centered cubic (FCC) unit cells with almost identical lattice parameters of
10.2Å. The XRD plot indicates that the PB powder was less crystalline than the PG. We attribute
this difference in crystallinity to the different reaction rates and reaction pathways associated
with the different precursors used for the synthesis of PB and PG. The XRD data in Figure 3
indicates that PG-HT is more crystalline in nature than PG and possesses all the major peaks
present in PG. However, in addition to the peaks related to PG, the following new peaks were
identified in HT-PG: 12.7o, 15.7 o, 19o, 20.4o, 21.3o. These additional peaks are highlightedby the
symbol (*) in the magnified portion of the PXRD spectrum of PG-HT samples.We could not
relate these peaks to any of the oxides and hydroxides of iron at this time and speculate that these
additional peaks represent the presence of a small amount of unknown impurities from the byproducts.

The active material (PG, PB, PG-HT) electrodes were electrochemically characterized by cyclic
voltammetry at a scan rate of 0.5 mV/sec, as presented in Figures 4a-4d. The PG based
electrodes exhibit a dual step insertion (0.20V, 0.89V) and extraction (0.239V, 0.93V) of K+ ions
into and from the PG lattice, respectively. The first pair of peak insertion (0.20V) and extraction
potentials (0.24V) and the second pair of peak insertion (0.89V) and extraction potentials
(0.93V) are also separated by 40 mV. The PB based electrodes also indicate a dual step insertion
(0.177V, 0.874V) and extraction (0.234V, 0.917V) of K+ ions into and from the PG lattice,
respectively. The first pair of peak insertion (0.177V) and extraction potentials (0.234V) are
separated by 57 mV and the second pair of peak insertion (0.874V) and extraction potentials
(0.917V) are separated by 43 mV. The PG-HT based electrodes also indicate a dual step
insertion (0.197V, 0.893V), but a three-step extraction (0.242V, 0.81V, 0.998V) of K+ ions into
and out of the PG lattice, respectively. The first pair of peak insertion (0.197V) and extraction
potentials (0.242V) are separated by 45 mV and the second pair of peak insertion (0.893V) and
extraction potentials (0.998V) are separated by 105 mV.
The PG based electrodes demonstrated highly reversible insertion and extraction of K+ ions as
characterized by the CV in Figure 4(a). The first step insertion of K+ ions at 0.89 V leads to the
formation of Prussian Blue (PB) and the second step insertion of K+ ions at 0.2 V leads to the
formation of Prussian White (PW) as shownbelow in equations 1 and 2below:
FeIIIFeIII(CN)6(PG) + K+ + e-

KFeIIFeIII(CN)6 (PB) (1)

KFeIIFeIII(CN)6 (PB) + K + + e-

FeIIFeII(CN)6 (PW) (2)

The PB based electrodes, like PG electrodes, demonstrated highly reversible dual step insertion
and extraction of K+ ions as characterized by CV (Figure 4b). The first step insertion of K+ ions

at 0.874 V leads to the formation of Prussian Blue (PB) and the second step insertion of K+ ions
at 0.177 V leads to the formation of Prussian White (PW).The cyclic voltammetry for PG-HT
electrodes indicate a two-step insertion of K+ ions, as indicated in Figure 4(c). The first step
insertion of K+ ions at 0.874 V leads to the formation of Prussian Blue (PB) and the second step
insertion of K+ ions at 0.177 V leads to the formation of Prussian White (PW). However, the
shape of the oxidation and reduction peaks indicates a quasi-reversible insertion and extraction
of K+ ions.
The active material (PG, PB, PG-HT) electrodes were further subjected to galvanostatic cycling
at a current density (J1) of 111 mA/g, as indicated by the galvanic cycling profiles in Figures 5a5c. Figure 6a compares the specific capacity of PG, PB and PG-HT based electrodes at a current
density of 111 mA/g.During the galvanic cycling measurement, insertion of K+ ions was
characterized as discharging, and the extraction of K+ ions was characterized as charging. The
PG electrodes were initially subjected to 20 cycles of charge-discharge measurements at a
current density of 111 mA/g as shown by the charge-discharge profiles in Figure 5(a), resulting
in a gravimetric charge capacity of 121.4 mAhr/g and a discharge capacity of 123.08 mAhr/g, at
the end of 20 cycles as shown in Figure 6(a), compared to the theoretical gravimetric capacity of
155.52mAhr/g. The PG electrodes also demonstrated very high coulombic efficiency of 98.7%,
as indicated in Figure 6(b), further illustrating the reversibility of K+ ions in PG. The initial
increase in the charge capacities and coulombic for all the materials (PG, PB and PG-HT) under
consideration is due to the high open circuit potential of the electrodes, resulting in reduced
amount of time required to reach the upper cut-off voltage. This reduction in time for the first
cycle, results in a lower charge capacity.The charge-discharge profiles in Figure 5(a), have two
charge plateaus at 0.23 V and 0.91 V, indicative of a two-step extraction for K+ ions from the PG

lattice and two discharge plateaus at 0.217 V and 0.90V, indicative of a two-step insertion of K+
ions in to the PG lattice. The charge discharge plateaus resulting from the extraction and
insertion of K+ ions from the PG lattice are very flat, indicative of the minimal resistance
encountered by the K+ ions diffusing in and out of the lattice, resulting in a desirable feature of
discharging at a constant power till the end of the battery capacity.
The PB electrodes were also further subjected to galvanic cycling measurements at a current
density (J1) of 111 mA/g as shown in Figure 5(b), resulting in a charge capacity of 54.2 mAhr/g
and a discharge capacity of 53.8 mAhr/g at the end of 20 cycles as shown in Figure 6(a),
compared to a charge capacity of 121.4 mAhr/g and a discharge capacity of 123.08 mAhr/g for
PG. The PB based electrodes exhibited excellent coulombic efficiencies of 100% throughout the
20 cycles as shown in Figure 6(b). The charge-discharge profiles in Figure 5(b) have two charge
plateaus at 0.2 V and 0.8 V, indicative of a two-step extraction for K+ ions from the PB lattice
and two discharge plateaus at 0.19 V and 0.778 V, indicative of a two-step insertion of K+ ions in
to the PB lattice. We attribute the lower reversible capacities of PB based electrodes to the less
crystalline nature of the synthesized PB (based on widths of x-ray peaks), along with the large
diffusion lengths associated with large particle sizes on the order of several microns as shown in
Figure 2(b). These results demonstrate the importance of the sub-micron size of the crystalline
particles of hexacyanoferrate based materials for performance as effective cathode materials for
K+ ion batteries.
The PG-HT electrodes were further subjected to galvanic cycling measurements at a current
density (J1) of 111 mA/g as shown in Figure 5(c). The charge capacity was measured to be 51.49
mAhr/g and the discharge capacity 50.70 mAhr/g at the end of 20 cycles as shown in Figure 6(a),
compared to a charge capacity of 121.4 mAhr/g and a discharge capacity of 123.1mAhr/g for

PG. The PG-HT electrodes exhibited excellent coulombic efficiencies of 100% throughout the
20 cycles as shown in Figure 6(b). The charge-discharge profiles in Figure 5(c), have three
charge plateaus at 0.20 V, 0.747 V, 0.895 V, indicative of a three-step extraction for K+ ions
from the PG-HT lattice and two discharge plateaus at 0.19 V, 0.924 V, indicative of a two-step
insertion of K+ ions in to the PG-HT lattice. The presence of a third extraction potential and the
absence of a corresponding third insertion potential could be indicative of the extraction of ions
located at a different interstitial site associated with a different energy [11]. This behavior is also
observed in the cyclic voltammetry measurements, which show the presence of three oxidation
peaks at 0.242V, 0.81V, 0.998V and two reduction peaks at 0.197V, 0.893V. The shape of the
charge and discharge plateaus are relatively sloped compared to those of PG and PB, as shown
in Figures 5(a), 5(b), indicative of increased resistance encountered by the diffusing K+ ions in
the PG-HT lattice. We speculate that the lower capacities of PG-HT electrodes might be due to
the large particlessize (on the order of several microns), which presents large diffusion lengths to
the K+ ions, resulting in the under-utilization of the theoretical gravimetric capacity. Based on
the above results, we believe that it is very important to have highly crystalline, defect-free
hexacyanoferrate materials in the form of nanoparticles with short diffusion lengths for them to
function as effective active materials for K+ ion batteries.
With PG demonstrating the highest gravimetric capacity among the three materials, the PG
electrodes were also subjected to galvanic cycling at three different current densities of 111
mA/g (J1), 277 mA/g (J2), and 388 mA/g (J3) to study the ratecapability of the material as a
cathode.Charge capacities of 121.4 mAhr/g, 94.98 mAhr/g, and 83.71 mAhr/g, respectively,
were determined. Discharge capacities of 123.08 mAhr/g, 94.9 mAhr/g, and 83.6 mAhr/g were
measured at the end of 20 cycles, accompanied by very high coulombic efficiencies of 98.7%,

100% and 100%, as shown in Figures 7a and 7b. The retention of a reversible capacity of 83.71
mAhr/g at a current density of 388 mA/g, illustrates the ability of PG to deliver high capacities at
high current densities, which is a result of fast diffusion of K+ ions within the PG lattice. The size
of hydrated K+ ions is about 1.25 Å, which is smaller than the 1.6 Å size of the opening of the
interstitial tunnel in PG based on the hard sphere model leading to easy insertion and extraction
of fully hydrated K+ ions from the lattice [12]. The presence of a complete hydration sheath
around the intercalation/de-intercalating K+ ions may minimize electrostatic interactions between
the PG host lattice and the K+ ions, resulting in fast diffusion and hence high rate capability of
PG electrodes with hydrated K+ ions.In order to study capacity retentionover large number of
charge-discharge cycles, electrodes of PG and PB electrodes were subjected to charge-discharge
cycling at a very high current density (J4) of 500 mA/gfor 1100 cycles. The PG electrodes
demonstrated an initial reversible capacity of 63.8 mAhr/g and a final reversible capacity of
30.27 mAhr/g, resulting in a capacity retention of 44.7% at the end of 1100 cycles. In
comparison, PB electrodes demonstrated an initial reversible capacity of 49.16 mAhr/g and a
final reversible capacity of 11.25 mAhr/g, as shown in Figure 8(a), resulting in a capacity
retention of 22.8% at the end of 1100 cycles. Both, PG and PB electrodes demonstrated a
coulombic efficiency of 100%, as shown in Figure 8(b).
4. Conclusion.
PB and PG were synthesized using different precursors, namely, potassium ferrocyanide and
potassium ferricyanide, respectively. These precursors have different rates of reaction, resulting
in different sizes ofPB and PG particles. The particles of PG were much smaller in size
compared to PB (50-75 nm compared to 2-10 um), which translates to much smaller diffusion
lengths, thereby leading to enhanced capacity utilization of the host material in the case of PG

electrodes as compared to PB electrodes (121.4 mAh/g compared to 53.8 mAh/g).The capacity
increase for small particle size PG cathode materials in K+ ion batteries compares favorably with
many of today’s Li+ ion batteries, and may lead to a new generation of cheaper, safer battery
materials for large scale energy storage.
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Figures Captions
Figure 1(a). Crystal lattice unit cell of Prussian Blue (PB) with intercalated K+. (b).Crystal lattice
unit cell of Prussian Green (PG).

Figure 2. SEM images of (a) Prussian green (PG). (b) Prussian Blue (PB) with magnified image
of the surface of PB particles. Scale marker: 100nm. (c). SEM image of hydrothermal Prussian
Green (HT-PG).
Figure 3(a). Powder XRD (PXRD) pattern of as synthesized PG, PB and PG-HT. (b). Magnified
view of the PXRD pattern and reduced intensity. The peaks indicated by * represent unknown
impurities.
Figure 4.Cyclic voltammograms (CV) of (a) PG electrode. (b) PB electrode. (c) PG-HT
electrode. (d) Comparison of the CV curves of PG, PB and PG-HT electrodes. All the CV
measurements were made in presence of KNO3 electrolyte (pH=2) using a scan rate of 0.5
mV/sec.
Figure 5.Galvanostatic cycling (GC) of (a) PG electrode, (b) PB electrode, (c) PG-HT electrode.
All the above GC measurements were made in presence of KNO3 electrolyte (pH=2) using a
current density of 111 mA/g.
Figure 6(a). Comparison of specific capacity measurements of PG, PB, and PG-HT electrodes at
a current density of 111 mA/g. (b). Comparison of coulombic efficiency (CE) of PG, PB and PGHT electrodes at a current density of 111 mA/g.

Figure 7(a). Rate capability measurements of PG electrodes at the following current densities:
111 mA/g, 277 mA/g, 388 mA/g. (b). Comparison of coulombic efficiency (CE) of PG
electrodes at the following current densities: 111 mA/g, 277 mA/g, 388 mA/g.
Figure 8(a). Rate capability measurements of PG and PB electrodes at a current density of 500
mA/g. (b). Comparison of coulombic efficiency (CE) of PG and PB electrodes at a current
density (J4) of 500 mA/g. The coulombic efficiency of PG and PB electrodes are 100%,hence
overlap with each other.

Table 1.EDAX data for PG and PB.

Element

Atomic % (PG)

Atomic %(PB)

C

39.30

26.57

N

56.47

35.83

K

0.08

4.84

Fe

4.15

32.12
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